Salt stress is a major constraint to rice acreage and production worldwide. The purpose of this study was to evaluate the natural genetic variation available in the United States Department of Agriculture (USDA) rice mini-core collection (URMC) for early vigor traits under salt stress and identify quantitative trait loci (QTLs) for seedling-stage salt tolerance via a genome-wide association study (GWAS). Using a hydroponic system, the seedlings of 162 accessions were subjected to electrical conductivity (EC) 6.0 dS m −1 salt stress at the three-to-four leaf stage. After completion of the study, 59.4% of the accessions were identified as sensitive, 23.9% were identified as moderately tolerant, and 16.7% were identified as highly tolerant. Pokkali was the most tolerant variety, while Nerica-6 was the most sensitive. Adapting standard International Rice Research Institute (IRRI) protocols, eight variables associated with salt tolerance were determined. The GWAS of the URMC, using over three million single-nucleotide polymorphisms (SNPs), identified nine genomic regions associated with salt tolerance that were mapped to five different chromosomes. Of these, none were in the known Saltol QTL region, suggesting different probable genes and mechanisms responsible for salt tolerance in the URMC. The study uncovered genetic loci that explained a large portion of the variation in salt tolerance at the seedling stage. Fourteen highly salt-tolerant accessions, six novel loci, and 16 candidate genes in their vicinity were identified that may be useful in breeding for salt stress tolerance. Identified QTLs can be targeted for fine mapping, candidate gene verification, and marker-assisted breeding in future studies.
Introduction
Rice is a staple food for billions of people, and it is the only food crop that provides more than 50% of daily calories by direct consumption to more than half of the world's population [1] . According to recent projections, the worldwide demand for rice is expected to increase [2] , but the long-term environmental sustainability of rice production is under question due to its large fresh-water irrigation requirements. Rice is generally grown in flooded paddies and surface water is often supplemented with water pumped from underground wells, which sometimes is of poor quality due to the presence of high amounts of dissolved salts, especially in depleted aquifers [3, 4] . Moreover, a rice crop can be exposed to salt stress due to natural soil salinity or by salt-water intrusion in irrigation resources and fields in low-lying coastal areas. Salt-water intrusion in rice fields has occurred due to sea-level rise and inundations during tidal surges from tropical storms or tsunamis along the Gulf Coast in diversity for salt tolerance in the URMC to that of current international salt tolerant varieties, and to identify salt tolerance-associated genomic regions to enable the introduction of superior salt tolerance alleles into new rice varieties.
Results

Phenotypic Variation for Seedling Salt Tolerance Traits in USDA Rice Mini-Core
We evaluated a panel of 162 diverse rice (Oryza sativa L.) accessions from URMC that represented four rice subpopulations: Tropical japonica (TRJ), Temperate japonica (TEJ), Indica (IND), and Aus (AUS) [35] . Six cultivars were included as salt-sensitive (IR29, Nerica 6, A69-1) and salt-tolerant (Pokkali, IR45427-2B-2-2B-1-1, IR65196-3B-5-2-2) checks [17, 46, 47] . A detailed view of all the traits measured in this study is provided in Table 1a ,b. This study successfully differentiated salt-tolerant genotypes from salt-sensitive genotypes as evident by the Least Squares Means (LSMeans) (Table 1a ) and the range values (Table 1b ) of salt stress injury (SSI) scores. The day 16 (d16) LSMeans and range values in the sensitive checks were 7.53 and 5.2-9.00, respectively compared to 2.32 and 1.00-4.60 for the tolerant checks. The accessions in URMC showed a wide variation for SSI scores on d10 and d16, which ranged from a value of 1 to 9 with an LSMean of 6.39 on d16. Among the four subpopulations in the URMC, TRJ was identified as the most sensitive, with a mean SSI score of 5.63 on d10, and 7.55 on d16. The IND subpopulation (and two accessions in the TEJ) was the most tolerant. On average, the sensitive checks only increased in plant height by 8.25 cm following 10 d of salt exposure, whereas the tolerant checks grew 22.44 cm (Table 1a ). The URMC and breeding lines from Vietnam were intermediate to the checks in plant height (PHT), and there were no significant differences among the four subpopulations at either d10 or d16. A similar trend was observed for the change in number of green leaves following 14 d of salt stress, with the URMC and breeding lines from Vietnam being intermediate to the checks. The subpopulations overlapped in number of green leaves, but the TRJ group was more senescent than the IND. A similar trend was observed for total, shoot, and root biomass. For the other traits that were measured, subpopulations with low SSI scores were associated with higher values for biomass, ∆ green leaf number, and, although not significant, ∆ PHT (Table 1a ). As shown in Table 1b , a wide range in variation was observed for all these traits in URMC and among the lines from Vietnam; however, except for the SSI d10 score, there were no accessions as tolerant as the tolerant checks.
A two-way dendrogram was constructed based on the SSI score at d16, ∆PHT, ∆ green leaf number, and total biomass plant −1 (Figure 1 ). The results demonstrate clear differences between the tolerant (e.g., Pokkali) and the sensitive check cultivars (e.g., IR 29) . Although the majority of URMC accessions were clustered as susceptible, there were a number of accessions that were deemed highly or moderately tolerant.
For a better understanding of the relationships among the measured traits in these 162 accessions, we computed Pearson's correlation coefficient between each trait combination ( Table 2 ). All traits were highly correlated with each other and contribute to the growth and senescence factors that influence the SSI scores. The ∆ green leaf number had a strong negative correlation with SSI scores at both d10 (r = −0.80, p < 0.0001) and d16 (r = −0.86, p < 0.0001) and a strong positive correlation with the other measured traits such as shoot biomass (r = 0.71, p < 0.0001) and root biomass (r = 0.72, p < 0.0001). 
Identification of SNPs and QTLs Associated with Early Vigor and Tolerance for Salt Injury under Salt Stress
To identify genomic regions that were associated with salt tolerance in rice, we performed a genome-wide association study (GWAS) using 3.2 million SNP markers available for the URMC and mapped eight traits that were highly correlated with salt tolerance at the seedling stage. Manhattan plots of GWAS results and the identified segments were investigated, and nine genomic regions of interest were selected based on the significance of association across the traits, number of significant SNPs, and allele frequencies. The nine selected genomic regions were represented by nine unique SNPs, which were distributed on five different chromosomes of rice and were associated with one or more of the eight studied traits. Based on proximity to the centromere and lack of recombination, two selected regions on chromosome 3 were merged into a single region leaving a total of eight selected regions, seven of which were significantly associated with the SSI score and one that was associated with plant height. Figure 2 shows the approximate locations of the seven SSI d16 score-associated representative SNPs (Table 3a ,b). Manhattan plots and respective quantile-quantile (Q-Q) distributions are presented as Figure S1 . Table 3a shows the selected SNP chromosome positions (in base pairs, bp) with reference and alternate alleles, frequencies for the reference allele in different subpopulations (based on 3000 sequenced rice accessions [48, 49] ), and the subpopulations with significant SNP-phenotype associations. Additionally, information on all the significant regions was identified, and overlapping significant regions across all subpopulations and all traits are provided in Tables S1 and S2.
The effects of each of the selected alternate alleles (relative to the reference allele) were calculated using the associated phenotypic traits in the subpopulation(s) where the significant association was detected (Table 3b ). Each of the selected SNPs, except for SNP 1_33398135, were found to be associated with SSI score, ∆ green leaf number, and root and shoot biomass. Three SNPs were significantly associated with ∆ PHT, SSI score, ∆ green leaf number, and root and shoot biomass. SNP 1_33398135 was associated with only one measured trait, ∆ PHT. The highest observed allele effect for ∆ PHT was 3.998 for SNP 1_33398135. The total phenotypic variance (Rsquare) of the associated trait explained by the identified selected SNP ranged from 6% to 71% with a median value of 33%.
To understand the potential of these SNPs in providing salt tolerance, putative candidate genes within the eight selected chromosomal regions were identified. In each chromosomal region, the SNP with lowest p-value was considered as the peak SNP. For identifying putative genes, we took an approach of selecting the genes close to the peak SNP and considering only those that were annotated by the rice scientific community (Oryzabase, MSU, RAP-DB), and published reports were used as evidence of the possible roles of the identified SNPs. Our analysis resulted in 16 candidate genes (Table 4) , which are physically shown on each chromosome in Figure 3 . A number of genes shown in this table have been found to encode transcription factors, including functional proteins such as Apetala2 (AP2) and Oligosaccharyltransferase3 (OST3), respectively. Additionally, there were several genes identified in this study that have not been implicated as having a direct role in salt tolerance, but are shown to have broader roles in overall abiotic stress tolerance. These genes may serve as novel targets in improving our understanding of salt tolerance in rice at the seedling stage. (a) * All the frequencies for the reference alleles were computed using the SNP-seek database of the 3000 rice genomes [48] and RiceVarMap [49] . TRJ = Tropical japonica; TEJ = Temperate japonica; ARO = aromatic; AUS = Aus; IND = Indica. Chr. denotes chromosome number. [20] , is shown for reference. SNPs are shown in rectangular boxes on the left side of the chromosomes. The candidate genes are shown in italics on the right side of the chromosomes. 
Discussion
Here, we present the results from a study with 162 rice accessions coming from the URMC diversity panel (N = 123) that included four subpopulations of Oryza sativa L., along with 24 entries from a Vietnam breeding program, seven entries from US breeding germplasm, and six varieties that have been documented to display a range in susceptibility for salt exposure. Previously, it had been reported that seedling vigor under salt stress is an effective method of selection in rice breeding programs [63] . Thus, we grew the accessions hydroponically and, at the 3-4 leaf stage, rice seedlings were exposed to a constant EC 6.0 dS m −1 salt stress for 16 days. Genomic and phenotypic data were analyzed using 118 of the accessions that had been resequenced [24] to identify salt tolerant genotypes, QTLs, and SNPs using GWAS.
We demonstrated that four traits (SSI score, ∆PHT, ∆ green leaf number, and total biomass plant −1 ) were effective at differentiating salt-tolerant from salt-sensitive genotypes, and we observed significant variation in the URMC for the tolerance traits ( Table 1 ). While increased plant height, shoot biomass, and root biomass are important for salt tolerance at the seedling stage, the ability to produce new leaves and maintain the functions of pre-existing leaves is also important for rice seedlings to remain physiologically and biochemically sustained under salt stress. Although none of the accessions were more tolerant than Pokkali, a known salt-tolerant genotype, 14 URMC accessions were statistically clustered as highly tolerant (Figure 1 ). In addition, about half of the advanced lines from Vietnam's salt tolerance breeding program were also scored as highly tolerant (data not shown). Due to the concern of salt-water intrusion in many lowland rice-growing areas in Vietnam, they have effectively deployed the Saltol allele from Pokkali in a number of these varieties. However, there were several accessions in the URMC that performed better than the advanced salt-tolerant Vietnamese varieties but lacked the Saltol allele, indicating that there is the opportunity to pyramid diverse alleles to make additional gains in salt tolerance. Moreover, gains that come from multiple genes may act through synergistic mechanisms beyond what might be predicted from the estimated additive effects of each allele alone, and that is where trait-based modeling for salt tolerance in rice could support rice-breeding programs [64] .
SSI scores, taken at 10 and 16 d post exposure to salt, were highly correlated (r = 0.90, p < 0.0001) and, as expected, the plants received a lower SSI score (less senescence) at the d10 rating (Table 1) . This indicates that evaluations of germplasm for salt tolerance can be effectively determined at this earlier time point, which will increase the speed of selection. A strong correlation was determined between ∆ green leaf number and root biomass (r = 0.7286, p < 0.0001). This suggests that maintaining a photosynthetically active leaf area under salt stress conditions is an adaptive tolerance mechanism [65] . Further, a stable or increased number of green leaves and biomass in tolerant germplasm under salt conditions may allow more salt to be sequestered in the vacuoles of roots and shoots, as excessive concentrations of Na + in cytoplasm is detrimental to the physiological and biochemical processes of rice plants. The vacuolar sequestration of Na + is known to support better seedling survival and plant growth under such stressed conditions [66, 67] .
Lee et al. [68] reported that tolerance to salinity was greater in Indica than Japonica subspecies. Our GWAS analysis was conducted with 118 URMC accessions that were represented by about twice as many Indica accessions than either the Tropical japonica or Aus subpopulations, affording the opportunity of identifying novel salt-tolerant alleles from Indica that would benefit US breeding programs, which are predominantly TRJ-based. GWAS analysis utilizing over three million SNPs identified nine unique SNPs that were highly associated with eight desirable salt tolerant traits.
In GWAS, the ability to detect a phenotypic association with a SNP is dependent on the allele frequency of the SNP and linkage disequilibrium with the functional variant. There is low statistical power to detect associations with rare alleles, and SNPs with low minor allele frequency are filtered out in GWAS pipelines. When SNP-phenotype associations were found in only some subpopulations, this was often a consequence of little or no SNP variation in the subpopulation(s) lacking the association ( Figure S2 ). For some SNPs, there were moderate allele frequencies present in some subpopulations where associations were not detected, and other subpopulations with significant associations. This may suggest that the SNP was not in linkage disequilibrium with the functional variant in all the subpopulations or that the genetic background of the subpopulation may be influencing the genetic pathways involved in salt tolerance.
Considering the complex nature of salt stress tolerance, each identified SNP may have a small individual effect; thus, considering the aggregate effects of multiple SNPs using MAS can be a viable option for improving rice varieties [69] . This variation in phenotypic traits among diverse germplasm and between the subpopulations is an indication that genetic variation is available in specific subpopulations and could be utilized in a wide diversity of rice-breeding programs. However, the IND subpopulation had more desirable salt tolerant traits (Table 1) and desirable alleles at the identified SNPs than AUS or TRJ (TEJ was only represented by two accessions, and hence was not analyzed independently).
SNP 1_2594296 was identified with the alternate allele associated with a lower SSI score and increased leaf number and biomass in the IND group, although this allele is also found in moderate abundance in the TEJ and AUS subpopulations (Table 3a,b) . The salt-tolerant alternate allele is predicted in 20.3% of IND suggesting this could be selected for improving salt tolerance when breeding within IND. It should be noted that in this study, the alternate allele does not appear to be associated with the phenotype in the AUS subpopulation, so for using this SNP in other subpopulations via introgression and MAS, it will be necessary to verify that the introgression is from an IND source that is likely to be linked with the functional variant for salt tolerance and not from an AUS source. SNP S1_33398135 has an alternate allele that is found almost exclusively in IND and is associated with an increased value for the ∆ PHT trait under salt conditions. Likewise, SNP 2_2053382 should be useful in rice breeding because it has an allele that was found almost exclusively in IND and was associated with a reduced SSI score and increased ∆ PHT, ∆ green leaf number, and the biomass traits.
A study by Shi et al. [70] identified a QTL for vigor index (a measure of seed germination and shoot elongation during salt stress) on rice chromosome 2 that occurred 1.38 Mb proximal to the SNP S2_2053382 region identified in our study. The Shi et al. study utilized 478 entries [305 Indica, and 85 Japonica, 65 Aus, 16 Basmati (ARO), and seven intermediate (admixture) accessions] with 6,361,920 SNPs from the 3000 genome data set and performed a GWAS for seed germination under 60 mM of salt (NaCl) stress. This locus may be another useful target for MAS to improve salt tolerance using diversity from IND. The Os02g0452 gene encodes a G-protein γ subunit and is reported to be a signal transducer during salt stress, and is a likely candidate for salt stress tolerance in this region [52, 71] . SNP S3_17374343 is located within a broad GWAS peak spanning the centromere of chromosome 3 (18.9-19.9 Mb). TRJ and TEJ groups have almost exclusively the reference allele. Variability at the SNP is limited primarily to the AUS and IND groups where the alternate allele is associated with an increased SSI score, and reduced ∆ green leaf number and biomass. Thus, this is an alternate allele to be selected against in rice breeding for improving salt tolerance. However, MAS may be complicated in this area due to the recombination suppression that occurs near the centromeric region, which also contains several important yield-related genes [72] . SNP S3_36149293 has an alternate allele found in the AUS group that is associated with a reduced SSI score and increased ∆ green leaf number and biomass. This salt tolerance-associated allele from AUS may be a useful target for MAS to improve salt tolerance by introgression to the rice-breeding lines of other subpopulations. Gibberellin 20 oxidase, GA20OX1, is a likely candidate gene for this locus. GA20OX1 is a paralog of the semi-dwarf Sd-1 "green revolution" gene that has been found to increase cytokinin activity in rice [73] . The alternate allele of SNP S4_31361839 is the most frequent allele in all subpopulations except in TEJ, and is associated with an increased SSI score, as well as reduced ∆ green leaf number and biomass. The reference allele is associated with higher salt tolerance and is found in most TEJ accessions (81.1%) and a moderate number of IND accessions (26.5%). Either TEJ or IND could be used as a source of salt tolerance alleles in MAS for this locus to improve the germplasm in other subpopulations.
A GWAS study performed by Patishtan et al. [30] examined 306 rice accessions utilizing a 700 K high-density SNP chip after three durations of 50-mM salt treatments: short (6 h), medium (7 d), and long (30 d) on 15-day-old seedlings. Eight of their identified SNPs occurred within 1.5 Mb or less of the representative SNPs identified in this study. They reported two SNPs associated with d7 shoot potassium level on chromosome 1 and on chromosome 4, which are in proximity to the S1_2594296 and S4_31361839 SNPs of our study. Four SNPs on chromosome 10 associated with 6-h shoot sodium level were identified near SNP S10_11743519, which was identified in this study. A SNP each for the 6-h shoot sodium level and d30 shoot sodium level were identified on chromosome 10 near the SNP S10_18801757. GLP4-1, an auxin-binding gene, is a likely candidate gene for this locus [74] . The SNP 10_11743519 alternate allele was found primarily in the TEJ (41.9%) and TRJ (22.8%) groups, and was associated with a reduced SSI score, and increased ∆ PHT, ∆ green leaf number, and biomass.
We identified two SNPs, S10_11743519 and SNP 10_18801757, on chromosome 10. Genomic regions in the proximity of these SNPs were also identified in a GWA study by Kumar et al. [75] that examined salt stress using a 6K SNP chip and 220 rice accessions. The authors identified a SNP within 1.3 MB of S10_11743519 that was associated with spikelet fertility and productive tillers under season-long EC 10 dS m −1 salt (7 NaCl: 1 Na 2 SO 4 : 2 CaCl 2 ) stress in field conditions. The salt tolerance-associated alternate allele would be a good target for MAS to improve salt tolerance within TEJ or through the introgression of the TEJ or TRJ allele into IND or AUS. This locus is an example of the diversity from Japonica contributing to salt tolerance, whereas other reported loci derive tolerance from IND or AUS sources. ERF51, a likely candidate gene located in this region (Table 4) , is also reported to be associated with cold tolerance [76] . The SNP 10_18801757 alternate allele is found primarily in AUS and IND subpopulations, and is associated with lower SSI scores, and increased ∆ PHT, ∆ green leaf number, and biomass. The salt tolerance-associated allele from IND or AUS would be a good target for MAS to improve salt tolerance within these groups or to introgress into other subpopulations such as TRJ or TEJ. As discussed above, six SNPs (1_2594296, 2_2053382, S3_36149293, S4_31361839, 10_11743519, and 10_18801757) in this study were identified as being useful for MAS.
In total, the study identified six potential novel loci that are promising targets for MAS with tolerant alleles coming from the Indica subspecies in five cases and the Japonica subspecies in one case. Pyramiding multiple salt tolerance alleles into a single genetic background is possible through molecular breeding, and may result in highly salt tolerant germplasm that could be a useful parent for rice-breeding programs. This study presents previously untapped genetic variation and the identification of novel rice germplasm that can be used to improve salt tolerance in rice, which in turn can help increase rice production to meet the demands of the world's increasing population.
Materials and Methods
Plant Material, Growth Conditions, Salt Stress Treatment
A group of 162 rice accessions (30 AUS, 93 IND, two TEJ, and 37 TRJ) representing 55 rice-growing countries was selected from the URMC along with 24 modern varieties from a Vietnamese breeding program and seven accessions with known salt tolerance or salt susceptibility along with three salt-tolerant checks (Pokkali, IR45427-2B-2-2B-1-1, and IR65196-3B-5-2-2) and three salt-sensitive checks (IR29, Nerica 6, and A69-1) were used to evaluate salt tolerance at the seedling stage (Table S3 ). Of these, DNA sequence data was available for 118 URMC accessions [30 AUS, 58 IND, and 30 Japonicas (two TEJ, and 28 TRJ)] [23, 24] for genomic analysis. Hydroponic experiments were conducted under greenhouse conditions at the USDA-ARS Dale Bumpers National Rice Research Center, Stuttgart, Arkansas, USA. Seeds were planted according to the protocol of Gregorio et al. [68, 77] with minor modifications. Briefly, each experimental unit was represented by two healthy seeds placed into each of 5 wells (1.5-cm diameter) that had been created in a 30 cm (L), 27 cm (W), 1.5 cm (D) Styrofoam floater with a fiberglass mesh attached to the bottom to support the rice seeds in the nutrient solution. Each floater was put in an individual 11.4-L black plastic tub that was 31.8 cm (L), 29 cm (W), 12.2 cm (D) in dimension. Twenty entries, including two repetitive check entries, Pokkali (resistant check) and IR 29 (susceptible check), were planted in each floater in a tub. The experiment was conducted as a randomized complete block design with three replications. Once seedlings were approximately 2 cm tall, the seedlings were thinned to one plant per well. When the seedlings were at the two-leaf stage, airsoft 6-mm pellets (Soft Air, Dallas, TX, USA) were added to each well to support the plant. Aluminum foil was wrapped around each tub and floater to prevent sunlight from entering the nutrient solution to help prevent algae formation. When >80% of seedlings were at the three-to-four leaf stage (generally about two weeks after germination), salt treatment was started (designated as day 0 or d_0) by adding NaCl (salt) to the nutrient solution. Electrical conductivity (EC) was kept constant at 6.0 ± 0.2. The pH (5 ± 0.2 and EC (6.0 ± 0.2) were adjusted every other day using 1 M of NaOH and 1 M of HCl. Nutrient solution was changed once a week to ensure the availability of sodium ions (Na + ) for toxicity induction in rice seedlings. A side-by-side control treatment (without salt) was run on the check entries for quality control measures of the salt treatments.
Phenotypic Data Collection, Processing, and Analysis
Phenotypic symptoms of sodium toxicity in the form of salt stress injury (SSI) scores were evaluated on the 10th day (d10) and 16th day (d16) after subjecting the seedlings to salt treatment. SSI scores were recorded on a scale of 1 (tolerant) to 9 (susceptible), as suggested by Gregorio et al. [77] and shown in Figure S3 . In this investigation, we also measured the following seven early vigor traits that were related to plant growth and development [78] : plant height on the day of initiating salt stress (PHT_d0), plant height on day 10 of salt stress (PHT_d10), plant height on day 16 of salt stress (PHT_d16), green leaf number on the day of initiating salt stress (GLN_d0), green leaf number on day 14 of salt stress (GLN_d14), shoot biomass on day 16 of salt stress (SB_d16), and root biomass on day 16 of salt stress (RB_d16). On completion of the 16 th day of salt treatment, the rice seedlings were harvested by cutting them into two portions at the crown and dried individually at 60 • C for 96 h to determine the dry weights of: shoot biomass (SB) and root biomass (RB) separately.
The following four values for traits of interest were calculated as below: The best linear unbiased prediction (BLUP) estimates of the means for all traits were used for genomic analysis as explained by Eizenga et al. [79] . Briefly, to estimate the BLUP values for each measured and calculated trait, the variation among rice accessions was considered as a random effect. In the model, a normal distribution was used for all the studied traits. The values for each parameter were the means of three independent replications where each replication had five plants. An ANOVA was performed on growth variables using the standard least squares procedure of JMP13.2 (SAS Institute, Cary, NC, USA). Tukey's HSD (Honestly Significant Difference) analysis was used for the comparisons of the growth parameters measured among the genotypes. Pearson's correlation coefficients were determined between pairs of traits using JMP14.3.0 (SAS Institute, Cary, NC, USA).
Genome-Wide Association Mapping, Identification of Single-Nucleotide Polymorphisms (SNPs) and Candidate Genes
The USDA rice mini-core collection (URMC) was sequenced to an average read depth of 1.5x by Wang et al. [24] , and the raw reads were later recalled as described in Huggins et al. [23] . A mixed linear model (MLM) in Tassel version 5 [80, 81] was used to perform a genome-wide association study (GWAS) on 118 accessions in the URMC. Of these 118 accessions, six panels were used to capture the genetic diversity present that is specific to each subpopulation/subspecies. The first panel, "All", was comprised of 118 accessions with 3,029,968 SNPs and contained four rice subpopulations present in this study; IND, AUS, TEJ, and TRJ. No aromatic accessions from the URMC were used in this study. The "IND" panel contained 58 indica subpopulation accessions and 1,883,603 SNPs. The "AUS" panel had 30 aus accessions and 1,753,773 SNPs. The "TRJ" panel had 28 tropical japonica accessions and 1,067,722 SNPs. Only two temperate japonica accessions represented the Japonica subspecies.
For each panel, SNPs were filtered to a minimum allele frequency of 0.05 to remove rare alleles, and SNPs with 20% or greater missing calls were removed. Tassel version 5 [80] was used to generate a centered identity by state kinship matrix and principal component analysis (PCA) for each filtered panel. The kinship matrix and first three principal components were used in the MLM and the options of no compression of the kinship matrix and the variance components estimated for each marker-trait combination were used.
The R script qqman [82] was used to generate Manhattan and Q-Q plots. For exploratory purposes, SNPs with −log10 of p values >5 were considered significant, and increased stringency was applied during data interpretation as needed. A Perl script was used to define the associated chromosome regions from individual SNPs or groups of physically linked SNPs. Chromosome regions encompassed 50 Kb in both directions around each individual significant SNP, and were extended to include nearby significant SNPs occurring within 200 Kb. The Perl script designated a 'Peak SNP' for each region, which corresponded to the SNP with the most significant p-value found within the region.
A Perl script was used to help identify candidate gene(s) within 250 Kb of the significant regions, as described in Huggins et al. [23] . This Perl script used gene annotation from MSU7 [83] and the Rice Annotation Project (RAP1; http://rapdb.dna.affrc.go.jp/, accessed 14 September 2018) [84] plus two new annotation files that were created to aid in candidate gene identification. The first file was based on the results of the candidate genes identified in Cohen and Leach [22] , which examined general biotic and abiotic stress response genes in rice. The second file merged all MSU7 annotations [83] (accessed 30 May 2019) with data in Oryzabase (OrzbaseGeneListEn_20190424010057; https://shigen.nig.ac.jp/rice/oryzabase/download/gene, accessed 24 April 2019) that shared an RAP ID. As described in Huggins et al. [23] , an additional Perl script was used to examine the regions that overlapped across the different traits and subpopulation/subspecies panels.
SNPs were grouped into chromosomal regions by processing GWAS results with custom Perl scripts using the methods reported by Huggins et al. [23] . Based on p-values and allele effects, chromosomal regions and corresponding peak SNPs that are highly predictive of SSI scores and related phenotypes were selected for detailed analysis. Allele effects, significance, and R-squared values for each of the selected SNPs were calculated separately for each subpopulation by ANOVA in JMP 14.0.0. To determine allele distribution among a larger panel of rice lines than the URMC alone, we further examined the representative significant SNPs in public databases. The allele frequency information was computed by using RiceVarMap, which contains genotype information on 4726 rice accessions [49] . If allele frequency information was not present in RiceVarMap, then it was computed from the SNP-seek database, which contains genotype information on 3000 rice accessions [48, 85] .
Supplementary Materials:
The following are available online at http://www.mdpi.com/2223-7747/8/11/472/s1. Figure S1 : Manhattan and quantile-quantile (Q-Q) plots for the entire GWA analysis conducted in this study, Figure S2 : Violin plots showing effect of each identified significant SNP/allele (x axis) on the salt stress injury (SSI) score on d16 (y axis) of salt stress in each rice subpopulations (x axis), Figure S3 : Representative pictures of criteria used for salt stress injury (SSI) scoring for salt tolerance, Table S1 : Significant regions identified across all subpopulations/panels for all measured traits, Table S2 : Overlapping significant regions identified across all subpopulations/panels for all measured traits, Table S3 : A complete list of the rice accessions evaluated for salt tolerance at three-four leaf seedling stage. in the form of a six-month scholarship to TDG is also acknowledged. The authors also thank Drs. Trevis Huggins and Santosh Sharma for their critical peer review. The USDA is an equal opportunity provider and employer.
Conflicts of Interest:
The authors declare no conflict of interest.
